lifetime) and at the very end of the lifetime (about 80-95%) (11) . Other potential magnetic techniques for detecting fatigue damage include measurements of the Barkhausen effect (BE) (13, 14) and magnetoacoustic emission (MAE) (15) signals. BE and MAE signals originate from discontinuous magnetisation processes occurring during the hysteresis cycle. It has been shown that both BE and MAE signals are influenced by stress and deformations. The disadvantage of these techniques for NDT applications is that BE and MAE signals are generally weak and, therefore, sensitive measurement equipment is required. The metal memory method (MMM), which was named by Dubov (16) , is an extended magnetic flux leakage (MFL) method, similar to the normal MFL method but without artificial excitation. Compared with other magnetic methods, MMM is simple and easy to master. Previous studies have shown that MMM can be used for evaluating changes in microstructure and local stresses which are introduced to and accumulated in the materials during fatigue (17, 18) . In this paper, the MMM method was applied to fatigue evaluation and proved to be strongly effective for fatigue evaluation and fatigue lifetime assessment of train axles. The M-N curve derived from the experimental data can be clearly distinguished by three stages, which show one-to-one correspondence with the aforementioned three stages of the fatigue process.
Introduction
Fatigue evaluation and residual lifetime assessment are challenging issues with a high profile in industry. Nearly 90% of industrial component failure takes place due to fatigue that occurs without warning. In China, fatigue of train axles, which may cause train derailment, gets more and more attention because of the speedingup of rail transportation in the past 10 years. The most recent railway speed limit shift was launched on 18 April 2004, when speeds on major lines were shifted to 160 km/h. According to the plan, there will be more than 22,000 km of rails with speeds above 120 km/h. Of these, 5300 km will have speeds of 200 km/h (China Daily, 13 January 2005). Therefore, fatigue safety of train wheels and axles becomes very important for high-speed railway transport.
Over the past century, many non-destructive methods have been studied in research into fatigue damage evaluation. Some of the methods that showed promise for metals and alloys included X-ray diffraction (1) (2) (3) , laser diffraction (4) , ultrasonic wave attenuation (5) , acoustic emission (6) , infrared thermography
, and positron annihilation (8) . Magnetic measurements are promising NDT techniques for evaluating fatigue damage of ferromagnetic materials because an increase in dislocation density and formation of persistent slip bands would result in magnetic property changes (9, 10) . Attempts to evaluate fatigue damage using magnetic measurements have been reported. The typical magnetic method is the measurement of magnetic hysteresis loops (11, 12) , from which structure-sensitive parameters -such as coercive field (HC), remanent magnetisation (MR), initial and maximum permeabilities (m IN , m MAX ) -can be extracted. However, it has been found that significant variations of these parameters occur only at the very beginning (typically in the first 5-15% of the expended fatigue Results and discussion Figure 3 shows the distribution of surface magnetic field during fatigue process of sample 1, from N=0 to N=3328*10E3. Before the application of any stress to the sample (N=0), abnormality of magnetic field was detected in the centre of the sample. This abnormality is caused by the residual stress from machining and the geometrical discontinuity. As the effect of geometrical discontinuity on magnetic field distribution is little affected by the stress load and there is a great change of magnetic field distribution after the application of stress, residual stress is considered to be the major factor that causes the magnetic abnormality before stress application. After stress application, the sample was demagnetised. This phenomenon is probably caused by the magneto-mechanical effect of ferromagnetic materials. Jiles and Atherton (9) suggested that the main effect on the magnetisation of a magnetic material caused by cyclic applied stress was an irreversible change of prevailing magnetisation towards the anhysteretic magnetisation. The initial magnetisation of the sample is above the anhysteretic magnetisation curve, so according the 'law of approach', the magnetisation will reduce by the start of stress cycles. The magnified magnetic field distribution in fatigue region shows magnetic signal that varies along with the fatigue cycles. This means that surface magnetic field is influenced by the microstructure change caused by fatigue.
The peak-to-peak magnetic fields in the stress concentration fatigue region under different bend cycles are calculated and the relationship between this value and cycle number is shown in Figure 4 . The results of other lines and other samples are similar. Figure 3 shows that the magnetic signals change along with stress cycles and there is a leap in the magnetic signal before fracture. A primary conclusion can be drawn that the magnetic peak-to-peak value is sensitive to fatigue cycles.
During the early stage of fatigue process, the amplitude of the magnetic field increases and then reaches a flat region. The flat region is constant in the middle stage of fatigue; the change of magnetic field in this stage is slow and could be neglectable. At the last stage, the amplitude of the magnetic field raises sharply.
The fatigue development can be divided into three stages: (1) during the first stage the entire volume of the material is affected by changes in dislocation structure; dependent on the initial microstructure, a generation of dislocations (cyclic hardening) or an annihilation of existing dislocations occur (cyclic softening); (2) during the intermediate stage, the bulk dislocation structure is stable; (3) the third stage starts with micro-crack nucleation due to stress concentration at imperfections followed by crack propagation ending in final fracture (10) . Table 3 shows the experimental details of three stages. These data agree well with three stages of fatigue process.
In the early stage of fatigue, the increased surface magnetic field amplitude is probably caused by the generation of dislocations (fatigue hardening). The sharply increased dislocation density resulted in an increased local magnetisation. In the second stage of fatigue, the bulk dislocation structure became stabilised. In this stage the surface magnetic field remained unchanged. In the last stage the sharp increase in M was caused by the microcrack nucleation due to stress concentration at the defect and the following crack propagation.
Though the M-N curve is sensitive to fatigue stages, there are still some problems for NDT application: how to get rid of the influence of the initial magnetic field status; how to get the position of the specimen data in the M-N curve without former magnetic data; how to evaluate the difference between experimental conditions and actual conditions. Further studies will be focused on these points.
Practical inspection on real axles
To prove the validity of experimental results, practical measurements were carried out at a vehicle factory in Bejing. Similar positions of axles were inspected according to fatigue experiments. Axles were sorted by the service time, which is considered to be an important parameter to estimate the fatigue grade of axles. Results of the experiment are shown in Figure 5 . The same trend can be found in the curve of magnetic field strength M versus time axles worked and the experimental M-N curve.
Although there are some differences between the M-T curve and M-N curve, the inspection results of real axles provides powerful evidence for the effectiveness of the MMM method in fatigue evaluation.
Conclusion
Studies of MMM characterisation of fatigue levels have been carried out on a 0.45% carbon steel sample. A general phenomenon of surface magnetic field change along with fatigue number has been observed in the experiment. The M-N curve derived from fatigue experiments seems to be effective for the characterisation of fatigue stages.
The M-T curve from practical measurement is found to be similar to the experimental M-N curve. These results make the MMM method a promising technique for fatigue and fatigue lifetime evaluation. 
